An array of microcantilever beams, coated with a self-assembled monolayer of bistable, redox-controllable [3]rotaxane molecules, undergoes controllable and reversible bending when it is exposed to chemical oxidants and reductants. Conversely, beams that are coated with a redox-active but mechanically inert control compound do not display the same bending. A series of control experiments and rational assessments preclude the influence of heat, photothermal effects, and pH variation as potential mechanisms of beam bending. Along with a simple calculation from a force balance diagram, these observations support the hypothesis that the cumulative nanoscale movements within surface-bound "molecular muscles" can be harnessed to perform larger-scale mechanical work.
Nanoscale actuators, capable of converting chemical or electrical energy into mechanical motion, are needed for a wide range of applications. The bottom-up approach, which employs atoms and molecules both as the fundamental building blocks and as the working units, is potentially capable of delivering efficient operations at dramatically reduced scales compared with traditional microscale actuators.
1-3 While a number of actuating materials have been developed, 4-6 they rely primarily upon the response of a bulk substance devoid of moving components, and the theoretical descriptions of their operation are still being developed. By contrast, simple molecular components in nature, e.g., myosin and actin in skeletal muscle, can be organized to perform complex mechanical tasks beginning at the nanometer scale but expressed in the macroscopic world. In this letter, we describe an integrated approach that combines the bottom-up assembly of molecular functionality with the top-down manufacture of architectures for the establishment of nano-chemomechanical systems.
Artificial molecular machinery 7 is an attractive means for performing controllable mechanical work that begins at the nanoscale. Bistable [2] rotaxanes hold particular promise in this regard. They have been likened to linear molecular motors on account of their ring component's ability to undergo controllable mechanical switching between two or more recognition sites located along their linear dumbbell portions 8 in response to a chemical, electrochemical, or photochemical stimulus. 9 Recent investigations have established that bistable [2] rotaxanes maintain the same redox-driven mechanical switching whether they are in solution, self-assembled 10 in condensed phases, or mounted 11 on solid substrates. Since most mechanical devices rely upon solid supports for the transmission of actuation forces, these results provide the impetus for the development of nanomechanical devices. In this letter, we describe the nanomechanical response of microcantilever beams coated with a selfassembled monolayer (SAM) of artificial molecular motors following the cycled addition of chemical redox reagents. A simple model that considers the mechanical movements of each molecule within the SAM verifies chemomechanical transduction as a likely mechanism for cantilever bending. We also describe the results of a structure-function study conducted on a control compound along with a series of control experiments and rational assessments to account for a wide range of alternative interaction mechanisms. [4] [5] [6] The data provide compelling evidence for chemomechanical transduction as a general mode of operation for the generation of force from surface-bound linear molecular motors.
Expanding upon a series of bistable [2] Authors to whom correspondence should be addressed. The reversible switching of R2 8+ in solution provides a model for its mechanical motion when it is attached to a surface. The persistence of switching in the model [2] rotaxanes on solid substrates 10,11 supports our expectation that oxidation of R1 8+ will generate a tensile stress upon a gold surface through the contractive action of its two disulfidetethered CBPQT 4+ rings. If the substrate is sufficiently thin and flexible, such as a long cantilever beam, the cumulative effect of each individual "molecular muscle" will produce an upward mechanical bending of the beam. Correspondingly, reduction of the oxidized and contracted R1 12+ will return the CBPQT 4+ rings to the TTF stations and consequently relieve the stress upon the beam, resulting in a downward motion and a return to the beam's equilibrium position.
A single beam's deflection upon contraction of the "molecular muscle" was analyzed (see EPAPS Ref. 13 ) using a simple model for the [3] rotaxane R1
8+ bound to a section of the beam [ Fig. 2(a) ]. Oxidation produces a contraction of the inter-ring distance and correspondingly exerts a force F plus a bending moment M upon the beam. Only the sections of the beam between the two moving rings will be subjected to the action of the bending moment M, while the other sections have a zero bending moment. The out-of-plane displacement w of a cantilever beam [ Fig. 2 
(b)] is governed by the EulerBernoulli Beam equation,
in which M beam is the moment on the beam, L is the total length of the cantilever beam, E is the Young's modulus of the cantilever, and I is the area moment of inertia of the beam's cross section. The parameter M beam can be obtained by assuming that the force generated ͑40 pN͒ by a single molecule 13 is solely due to electrostatic effects ͑ water =80͒, the SAM covers 100% of the gold surface, and the molecules are idealized as randomly oriented noninteracting rigid rods. Based on this simplified model, the force generated by the "molecular muscle" can act against the spring-like restoring force of a cantilever beam ͑500ϫ 100ϫ 1 m͒ to produce a theoretical beam displacement w of 48 nm. 13 This chemomechanical design was tested with a goldcoated silicon cantilever array that was coated with a SAM of R1 8+ [ Fig. 3(a) ] and placed in a transparent fluid cell. The position of each cantilever beam was monitored by an optical lever on a Digital Instruments Scentris™ platform while aqueous Fe͑ClO 4 ͒ 3 (oxidant) and ascorbic acid (reductant) solutions were sequentially introduced into the fluid cell. Addition of the oxidant solution caused the cantilever beams to bend upward by ϳ35 nm to an apparent saturation point [ Fig. 3(b) , top series of traces]. Entry of the reductant solution caused the beams to bend back downward to their starting positions. This behavior was observed for all four cantilever beams for 25 cycles (the first three complete cycles are shown here). The slight attenuation in beam deflection following each cycle is attributed to a gradual chemical and/or physical passivation 14 of the SAM. Nevertheless, the movement of the cantilever beams is directly correlated with the cycling of the oxidant and reductant solutions and the experi- In order to assert that the beams' bending is not a consequence of mundane conformational and/or electrostatic changes within the semirigid R1 8+ backbone, the disulfidetethered dumbbell compound D [ Fig. 1(b) ] was synthesized. This control compound contains pairs of TTF and NP recognition sites with the same relative geometries as are present in R1
8+ . However, D lacks the mechanically mobile CBPQT 4+ rings and the disulfide tethers are attached at different locations on the dumbbell's two stoppers. An array of cantilever beams coated with a SAM of D bends only slightly [ Fig. 3(b) , bottom series of traces] following sequential injections of the same oxidant and reductant solutions used to study R1
8+ . This observation suggests that the presence of the mechanically active, disulfide-tethered CBPQT 4+ rings in R1 8+ are essential for the redox-controlled bending of the cantilever beams. The direction of these slight deflections, consistent with electrostatic charge repulsion, is contrary (downward upon oxidation) to that observed in the bending of the beams coated with R1 8+ . Likewise, thermal and photothermal effects would also bend the bimorph beams downward upon oxidation, but are negligible due to the high heat capacity of water. Further control experiments with R1 8+ verify that pH variations within the range of the redox agents do not bend the beams. 13 Given that all these factors do not contribute to a concerted motion of the cantilever, the deflection of the beams coated with a SAM of R1 8+ is consistent with our chemomechanical transduction hypothesis. This result suggests that the cumulative effect of individual molecular-scale motions within the disulfide-tethered [3] rotaxane molecules, even when randomly aligned, can be harnessed to perform larger-scale mechanical work.
In summary, a hybrid top-down/bottom-up approach has been employed to create a molecular machine-based actuator that displays reversible bending through the cycled addition of aqueous oxidant and reductant solutions. The bending is assigned to the same chemically driven mechanical contraction and extension of the inter-ring distance observed in a model bistable redox-controllable [3] rotaxane in solution. This phenomenological correlation is supported by control experiments and a theoretical model that accounts for the bending based on the force produced by surface-bound, bistable, redox-controllable [3] rotaxane molecules. Although challenges remain, including the development of direct electrical or optical stimulation, the technological foundation for the production of a class of multiscale nanomechanical devices ultimately to be based upon optimized molecular mechanical motions appears to have been laid.
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